We have developed a method for dissecting single neurons from the nematode Ascaris suum, in order to determine their peptide content by mass spectrometry (MS). In this paper, we use MALDI-TOF MS and tandem MS to enumerate and sequence the peptides present in the two neurons, ALA and RID, that comprise the dorsal ganglion. We compare the peptide content determined by MS with the results of immunocytochemistry and in situ hybridization of previously isolated peptides AF2, AF8, and six peptides encoded by the afp-1 transcript. We find complete agreement among the three techniques, which validates single neuron MS as a method for peptide localization. We also discovered and sequenced six novel peptides in the ALA neuron. Cloning of cDNAs and database searching of Genomic Survey Sequences showed that transcript afp-12 encodes peptide AF36 (VPSAADM-MIRFamide) and afp-13 encodes AF19 (AEGLSSPLI-RFamide), AF34 (DSKLMDPLIRFamide), AF35 (DPQ-QRIVTDETVLRFamide), and three nonamidated peptides (PepTT, PepTL, and PepGE). We have found no similarities with reported peptide expression in the nematode Caenorhabditis elegans. This method promises to be ideally suited for determining the peptide content of each of the 298 neurons in the nervous system of this nematode.
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Keywords: Neuropeptide, MALDI-TOF, nematode, Ascaris suum, single neuron, de novo sequencing P eptides have long been known to be important intercellular signaling molecules in a wide variety of species. Their role as hormones was established many years ago, yet new peptide hormones continue to be discovered (e.g., kisspeptin (1) ). In the nervous system, peptides can act as primary neurotransmitters (2) . More commonly, they act as neuromodulators, affecting multiple aspects of neuronal activity. Their effects include modulation of the ion channels involved in action potential propagation and synaptic transmission and modulation of the molecular machinery of transmitter release (3) . In most well-studied systems, the number of peptide signaling molecules is impressively large, and as with peptide hormones, new neuropeptides are still being discovered. The details of their activity and sites of action are intricate and particular, so a full description of the role of peptides in a neuronal circuit can be complex, but it must be complete if we are to understand how neuronal circuits work.
The nervous system of the parasitic nematode Ascaris suum contains only 298 neurons (4) . This numerical simplicity makes it an attractive system for the study of the role of peptides in neuronal function. We have already shown in A. suum that neuropeptides are numerous, widespread, and varied and that they have potent effects on muscle and subsets of neurons (5) (6) (7) (8) .
Most of the peptides we have identified in A. suum are FMRFamide-like peptides (FLPs), and are named AF peptides (Ascaris FMRFamide-like peptides). The transcripts and the genes that encode the AF peptides are named afp's (Ascaris FMRFamide-like precursor proteins).
In the related, free-living nematode Caenorhabditis elegans, three large families of peptides have been predicted by genome searches or sequenced directly (9) (10) (11) (12) : FLPs encoded by 34 flp genes, NLPs (neuropeptide-like proteins) encoded by 42 nlp genes, and insulin-like peptides encoded by 39 ins genes (10) . In all cases, the sequences suggest that in nematodes the formation of neuropeptides is similar to that in other organisms: the gene encodes a precursor protein that is directed by an N-terminal signal peptide to the secretory pathway, where it is cleaved by specific protease processing enzymes and in many cases modified by other enzymes, for example, those responsible for C-terminal amidation (13, 14) . Since there are several processing proteases with differing specificity and with unknown cellular localization, it is difficult to predict the structure of processed peptides from precursor protein sequences. We therefore emphasize direct sequencing of the peptides themselves. In this paper, we describe a method that allows us to localize peptides, including several newly discovered ones, to single identified neurons in A. suum.
The rate at which we are discovering new peptides is accelerating, implying that there are many more yet to be discovered. For each peptide, it is essential to determine the molecular structure in order to synthesize the amount needed to investigate its biological activity. In addition, we need to determine its cellular expression pattern. In other systems, single cell dissection has been combined with mass spectrometry to allow simultaneous peptide characterization and localization (15) (16) (17) (18) (19) (20) (21) . In A. suum, the neurons are tightly enwrapped with nonneural tissue (hypodermis), and this impeded our previous attempts at single cell isolation. In this paper, we show that in A. suum it is possible to dissect single neurons. We subjected each neuron to matrix assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) for peptide detection and tandem MS (MS/MS) for sequence determination. MALDI-TOF MS is a sensitive technique that was previously used on dissected A. suum ganglia (7, 22, 23) . It detected all previously identified AF peptides, as well as many unknown peptides; six new peptide sequences were reported. Although this method provides a great improvement in peptide discovery and localization, we are concerned about its adequacy for determining the complete peptide inventory of each neuron. In particular, some peptides that are present in a cell might not produce a measurable peak in an MS spectrum due to ion suppression or low probability of ionization (24) .
As proof-of-concept, we chose to study the simplest ganglion in this organism, the dorsal ganglion (DG), which includes only two neurons, ALA and RID (25) . By MS, we detected different subsets of peptides in each neuron. We validated the method by demonstrating that the peptide content revealed in each cell by MS corroborates the peptide expression previously established by other techniques, namely, immunocytochemistry (ICC) using specific antipeptide antibodies and in situ hybridization (ISH) with riboprobes against transcripts that encode known peptides (26) . In addition, we sequenced six novel peptides from these neurons. This technique has been successfully extended to other ganglia, containing many more neurons: this will be reported elsewhere.
A comparison of cell-specific expression of neuropeptides in A. suum to that in the well-studied nematode Caenorhabditis elegans is particularly interesting, given that comparison of the morphology of the nervous systems shows that C. elegans is a faithful miniature version of A. suum. These nematodes are estimated to have diverged about 550 million years ago (27) , yet their neuroanatomy is so similar that the same neurons are recognizable and are often given the same name in the two organisms. However, when we compare our results in A. suum with those reported in C. elegans (28) , the cellular expression of peptides is noticeably different in the two organisms.
Results and Discussion
A thorough knowledge of the chemical identity and cellular localization of neuropeptides is essential in understanding the neuronal control of behavior. We report here a cell-by-cell MALDI-MS peptidomic map of the smallest ganglion in A. suum. The two neurons of the DG, ALA and RID, were manually dissected with tungsten needles from collagenase-treated worms under a dissecting microscope. The morphology of these neurons is distinctive ( Figure 1 ) and allows each of them to be individually identified in most preparations (26) , both before and after dissection. ALA has two processes that branch from the anterior portion of the cell body, project into the left or right side of the nerve ring, and then send a process down each lateral line to the tail. RID, by contrast, is a bipolar neuron. Its anterior process travels in the nerve ring to the ventral midline where, just posterior to the ring, it gives rise to a process that runs back around the body to the dorsal cord (in nematodes this is termed a dorsoventral commissure); this branch of RID then projects posteriorly along the dorsal nerve cord. The posterior process from its cell body extends along the dorsal cord for a very short distance ( Figure 1e ).
Peptide Content of ALA and RID Neurons
Previous results from ISH showed that ALA expresses afp-3 (encoding AF8) and RID expresses both afp-1 (encoding AF3, AF4, AF10, AF13, AF14, and AF20) and afp-4 (encoding AF2) (26) . In this paper, we report the use of MS both to confirm the cellular expression of these peptides and to discover novel peptides expressed in these cells. Nine ALA neurons and 11 RID neurons were examined. ALA and RID exhibited distinct peptide profiles that included peaks with the mass-to-charge ratio (m/z) of the peptides r XXXX American Chemical Society Table 1; see also Supplementary   Table S1 , Supporting Information). The spectra were simpler and more reproducible than those from dissected pubs.acs.org/acschemicalneuroscience Article ganglia (23) . The most intense peaks were always present, but minor peaks sometimes varied from sample to sample (Supplementary Table S1a, Supporting Information). AF2 (m/z 991.5) in RID and AF8 (m/z 901.5) in ALA were always the most intense peaks present. The six afp-1encoded peptides were relatively minor peaks in the RID profile (m/z 857.5, 875.5, 905.5, 958.5, 1020.5, and 1541.7). In one preparation, all of the afp-1 peptides were absent and in two more preparations AF10 (m/z 1541.7) was not detected. Preliminary confirmation that the peaks from RID and ALA were indeed the peptides encoded by afp-1, afp-3, and afp-4 was obtained using two types of chemical modification. First, on-target acetylation of free amines with acetic anhydride adds 42 Da for the N-terminus and 42 Da for each lysine; incomplete acetylation of tyrosines also has been detected. Second, oxidation of methionines with methylene blue adds 16 Da for each methionine. Although methylene blue was initially used to aid visualization of neurons for dissection, rather than for oxidation, its ability to oxidize is known (29) . Oxidation of methionine by methylene blue is not as robust as oxidation by H 2 O 2 (23) and allows some unoxidized peptide to remain for direct comparison within the same spectrum. Modification by acetylation or oxidation is variable, Figure S2 , Supporting Information). Since MS/MS does not distinguish between leucine and isoleucine, gene sequences were used to resolve the leucine/ isoleucine ambiguities.
The relatively low intensity of the peaks for the peptides derived from the AFP-1 precursor protein is probably an effect of ion suppression (24) of the six peptides expressed on this precursor. Other methods suggest that the expression of afp-1 in RID is robust. ICC with an antibody that recognizes the C-terminal -PGVLRFamide in these peptides stains RID strongly (Sithigorngul and Stretton; unpublished) . A riboprobe based on a sequence from afp-1 produces a strong ISH signal in RID (26) . The interpretation of other minor peaks in the spectra is uncertain. Many of these smaller peaks vary in intensity from spectrum to spectrum and may be absent in individual preparations. Among the low intensity and variable peaks in ALA were members of a family of peptides encoded by afp-11, including AF11 (data unpublished). An antibody raised against AF11 recognized ALA in some preparations (Viola, I., personal communication). Variability in levels of peptide expression among individual A. suum would not be surprising, since they are not isogenic and their individual history, including their interactions with their swine host and its drug treatments, is unknown. There are also potential sources of variability from sample preparation, for example, effects of collagenase digestion and dissection. Differences in the interactions between matrix and the sample on the MS target plate could also contribute to variability, but we attempt to minimize such effects by using small drops of matrix and aiming the laser beam directly at or very near the cell body on the target.
Inter-preparation variability was considered previously when assessing the cellular localization of peptides or peptide-encoding transcripts by ICC and ISH (26) . Preparation-to-preparation variability was seen with both of these techniques. Significantly, as with the MS data, there was also a consensus set of strong signals, and variability was seen only with low-level signals. None of these three techniques is quantitative. It is therefore prudent to use at least one of the ancillary techniques alongside MS to determine the peptide content of an individual neuron. The use of MS is primary because it yields sequence information on which the generation of antibodies or riboprobes is based.
All peptides found in MS of single DG cells were also found in previous experiments using MS on whole dorsal ganglia from A. suum (23) . We find that the sum of the peptide profiles of ALA and RID is less complex than the profile obtained from the whole DG, and we suspect that this is due to contamination in the whole ganglia from neighboring neural tissue, for example fragments of the nerve ring or dorsal nerve cord.
Studying whole ganglia allows the rapid localization of many peptides to a particular ganglion, but it is only single cell MS that can determine the specific cellular localization of a peptide. This is a significant technological advance toward our aim of mapping the peptide content of each cell in the A. suum nervous system.
De Novo Sequencing of Novel Peptides
afp-12 Encoded Peptides. The MS spectra from ALA contain a minor peak of m/z 1236.6 ( Figure 2b ; a ISH results are from previous work (26) . b ICC of the afp-1 peptides was performed with an anti-PGVLRFa antibody (Sithigorngul and Stretton, unpublished) . c ICC of the afp-13 peptides was represented by staining with an anti-AF19 antibody (see Figure 7b ). Newly sequenced peptides are in bold. d ND=Not done.
r XXXX American Chemical Society A search of the A. suum EST library produced the same peptide sequence within a predicted precursor protein that does not include a signal peptide (Figure 4c, CB040272 (30) ). Comparison of the EST sequence with the full transcript (afp-12), which we obtained by PCR and 3 0 RACE (Figure 4d , HM125966), showed one base insertion and four single base deletions, so we ascribe the lack of a signal peptide in the sequence predicted from the EST to phase shifts introduced by sequencing errors. The transcript that we obtained encoded a predicted precursor protein that includes an initiating methionine and a signal peptide. The 5 0 end of this transcript includes SL1, a trans-spliced leader sequence found in 80% of A. suum transcripts (31) . The one copy of AF36 appears to be the only peptide encoded by afp-12.
The localization of AF36 in ALA was confirmed by ICC with an affinity-purified polyclonal antibody against AF36 (Figure 5a ). Staining was blocked by preincubating the antibody with 40 μg/mL AF36 (data not shown).
afp-13 Encoded Peptides. Also present in the MS spectra from ALA were peaks with m/z 1333.7 and 1374.5 (Figure 2b ; Supplementary Table S1 , Supporting Information). MS/MS analysis yielded the partial sequences DP(L/I)(L/I)RFa and TPPEED(L/I)(L/I), respectively (Figure 6a,b) . These sequences were used to direct searches of the A. suum GSS database, using all possible combinations of L and I, and extending the first sequence to DP(L/I)(L/I)RFG. The first search identified a sequence DPLIRFG (GSS 2, Figure 7b ) that was part of a translated amino acid sequence flanked by two dibasic amino acid sequences, which would predict the processed peptide DSKLMDPLIR-Fa (AF34), which has a molecular mass of 1333.7. A second search yielded GSS 3, which included the predicted processed peptide TPPEEDLLGRFT (PepTT), which was flanked with basic amino acid cleavage sites (Figure 7c ). The mass of this peptide is 1374.5. Further confirmation was obtained from MS/MS of synthetic AF34 and PepTT. Spectra were similar to those from the native peptide (Supplementary Figure  S4b ,c, Supporting Information). In particular, the lability of bonds C-terminal to aspartate residues was diagnostic.
Interestingly, in the translated amino acid sequence of GSS 3, N-terminal to PepTT, was a predicted amidated peptide GLSSPLIRFa, which is the C-terminal sequence of AF19 (AEGLSSPLIRFa, 1188.7 Da), a previously known A. suum peptide with an unknown transcript (6) . A peak with m/z 1188.7 is present in ALA (Figure 2b ; Supplementary Table S1 , Supporting Information), and MS/MS confirms that it is AF19 (Figure 6c ). GSS 2 and 3 have predicted splice sites such that the 3 0 region of GSS 2 would provide the N-terminal AE of peptide AF19. GSS 3 also encodes a predicted amidated peptide DPQQRIVTDETVLRFa (AF35, mass 1815.9). GSS 2 also includes predicted peptide TNIMGENRLNRNL (PepTL, mass 1544.4). Peaks with these masses were also present in ALA Figure S4c,d , Supporting Information).
The predicted splicing of GSS 2 and 3 was investigated by PCR using SL1 and a unique second sequence as primers. The amplified sequence (Figure 7d , HM125967) showed that the predicted transcript seg-ments were indeed spliced together. In addition, the 5 0 end of the mRNA predicts another splicing event, to GSS 1 (Figure 7a ), yielding the predicted peptide GNSYRSFFNPNEYTVVE (PepGE, mass 2022.9). A peak with the m/z of PepGE is present in ALA (Figure 2b ; Supplementary Table S1 , Supporting Information), and we have partial sequence confirmation by MS/MS of the acetylated peptide (Supplementary Figure S3c , Supporting Information). The 3 0 region of the transcript was found by 3 0 RACE, and the full length transcript (afp-13) is shown in Figure 7d .
Affinity-purified polyclonal antibodies against AF19 confirmed peptide localization in ALA (Figure 5b ). Immunolocalization of AF19 in ALA was only seen with fixation with glutaraldehyde and not with formaldehyde. This reinforces the need to use multiple techniques to determine peptide localization. Preincubating the antibody with 40 μg/mL AF19 blocked staining of ALA (data not shown). The majority of previously characterized A. suum peptides were discovered by large-scale chemical separation followed by Edman degradation (32) (33) (34) . The original process required accumulation of 60 000 worms over the course of 2 years, followed by seven steps of high-performance liquid chromatography (HPLC) to obtain the chemically pure sample required for Edman degradation. In most cases, subsequent comparison of the isolated sequences with predicted cleaved and processed sequences from translated cDNAs gave perfect matches. However, in addition to being laborious and time-consuming, this method does not yield any information about cellular localization and exposes the peptides to possible modifications or degradation. This was specifically a problem with the characterization of AF17, which was later found by cloning and MS to contain an N-terminal aspartic acid that was removed during acid/methanol extraction (35; Yew, J., personal communication).
In C. elegans, the large majority of peptides were discovered by prediction from the genome (9, 10). This method (currently limited in A. suum) does not necessarily predict the mature form of the peptide, since the specificity and cellular localization of the processing enzymes are not known accurately. For example, cleavage of the precursor protein at conventional di-or monobasic amino acid sites or at unconventional cleavage sites is not completely predictable. More recently, many of the predicted peptides in C. elegans have been confirmed by liquid chromatography/MS (11, 12) , and indeed this technique has also shown that some of the original predictions were incorrect, for example, some of the products of the flp-1 and flp-4 genes.
By direct MALDI-TOF MS of whole dorsal, ventral, lateral, or retrovesicular ganglia, or the nerve ring, this laboratory sequenced six novel peptides (7, 22) , the same number of novel peptides we report here from just two cells. The whole-ganglia MS experiments were performed before the availability of the GSSs, which could have enabled the discovery of many more peptides by whole ganglion MS. Although powerful, whole ganglion MS may also be limited by the complexity of the spectra from so many cells, increasing the probability of problems from ion suppression (24) . Higher complexity also increases the probability that two different peptides with identical masses will be present. In simpler spectra, the probability of peaks including two peptides of identical or very similar m/z is much reduced. The m/z window for peptides taken for MS/MS is several daltons wide, so complex MS spectra increase the likelihood of sampling multiple peptides. This is important because interpretation of MS/MS of multiple peptides is extremely difficult.
Peptide Localization
Previously, peptide localization in A. suum was ascertained by ICC, ISH, and whole ganglia MS. Each technique, although valuable, has limitations. Whole ganglia MS, although it yielded a great deal of information, was less reproducible; in addition there was possible contamination from the nerve ring or nerve cords. ISH detects the peptide-encoding transcript and not the peptide itself, yielding no direct information about which mature peptides are present. The strength of ICC is that this method detects the peptide product and therefore stains the entire cell including its processes. This allows for more robust cellular identification, since the morphology of the cell processes is an important feature for neuronal identification. In contrast, ISH stains only the cell body, which can make cell identification more difficult (26) . A limitation of ICC is that it requires the production of a highly specific antibody to a short amino acid sequence that often has sequence overlap with other neuropeptides. Although all of our antibodies are rigorously tested for specificity, it is difficult to exclude cross-reactivity with other endogenous peptides, the majority of which are presently unknown. On the other hand, in ISH there is little doubt about the specificity of the probe. Another limitation of ICC is that variations in fixation techniques can greatly affect staining patterns, as occurred with the ICC results for AF19. Both ICC and ISH require prior knowledge of sequences, either of the peptide itself for raising antibodies or of transcript sequences for making riboprobes. This problem is overcome by the use of MS, where no prior sequence knowledge is needed.
Is the Peptide Map Accurate and Complete?
It is important to question whether our list of the peptide content of individual neurons is complete. MALDI-TOF MS is not a quantitative technique, and the ability to detect a peptide depends both on the complexity of the mixture, where ion suppression may be a problem, and on the chemical nature of each peptide, which affects the probability that it will accept charge during the ionization process (24) . The simplification of the spectra of single cells, in comparison with dissected ganglia, is striking, and this greatly facilitates the scoring of lower intensity peaks. On the other hand, it is noticeable that all the peptides we detected in both whole ganglia and single-cell MS include at least one basic amino acid (arginine, lysine, or histidine); most of these peptides are FLPs (FMRFamide-like peptides), with C-terminal -RFa, although other peptides, cleaved from precusor proteins encoding FLPs, have been detected. Are there other families of peptides present? In C. elegans, many NLPs have been predicted that do not contain basic amino acids (10) . Some NLPs r XXXX American Chemical Society J DOI: 10.1021/cn1000217 |ACS Chem. Neurosci. (XXXX), XXX, 000-000 pubs.acs.org/acschemicalneuroscience Article have been predicted in A. suum (36) . In future studies of single neurons in A. suum, it will be interesting to see whether any NLPs, especially those with no basic amino acids, can be detected.
Alternatives to Single-Cell Dissection
One limitation of single-cell MALDI-MS is that the throughput is low due to the high level of manual skill required for dissection. There has been interest in imaging mass spectrometry (IMS) and laser capture microdissection (LCM) coupled with MALDI-MS (37-39), as alternatives. IMS creates an image of peptide or protein expression across a tissue section. Although this is a powerful and relatively high-throughput technique, resolution and analyte migration are problematic (40) . In addition, even with cell-sized resolution, it is difficult to identify the specific cell that is being investigated. By contrast, LCM utilizes a laser to precisely dissect tissues. Attempts to use LCM on A. suum neurons were not successful (Yew, J., personal communication).
Comparison to Other Nematodes
The well-studied nematode C. elegans is anatomically remarkably similar to A. suum. Although dramatically different in size, the underlying structure of the nervous system is so similar that the same cell names can be used in both organisms (41) (42) (43) . Expression of small molecular weight neurotransmitters such as GABA and ACh is also highly similar (44) (45) (46) (47) (48) , although there is a clear example of a difference in expression in 2 out of 26 GABA-expressing neurons (48, 49) . Cellular expression of peptides, however, appears to be quite different ( Table 2 ). This is especially remarkable since the structure of the peptides is very similar, and in many cases identical, in both species. Thus far, the only method widely employed for peptide localization in C. elegans has been the use of GFP constructs (28, 50) , a method currently unavailable in A. suum. It is not yet clear whether the upstream 5 0 sequences used in the GFP constructs include a complete set of the sites that control peptide-gene expression in these cells (51) . Thus, comparisons between A. suum and C. elegans must be made with caution. Nevertheless, based on available data, peptide expression in the same identified neurons in these two organisms is completely different. There are three pairs of genes we can directly compare: flp-6/afp-3, flp-13/afp-13, and flp-18/afp-1 ( flp-24, corresponding to afp-12, has not been tested by GFP constructs). Of these three, which are expressed in the A. suum DG, none showed expression in the DG of C. elegans. Surprisingly, one of the constructs important for our comparison, flp-14 (AF2), failed to express in any cells even though the peptide has been isolated from C. elegans (52, 53) . Of the two flp genes expressed in the DG of C. elegans, one (flp-7) has no known analog in A. suum. For the other (flp-2), analogous peptide products (AF37, AF38) have been sequenced from a cell in another ganglion, although the mRNA has not yet been cloned from A. suum (unpublished observation). Although a peak with the m/z of AF37 is present in RID, subsequent Article MS/MS of the peptide showed it to be AF13, an isobaric peptide (Supplementary Figure S2d , Supporting Information). Cellular localization of nlp gene expression in C. elegans revealed no expression of any known NLPs in ALA or RID (50) . The peptides present in the A. suum DG are highly conserved throughout the nematode phylum. Searches of the nematode EST libraries find 20 species of nematodes expressing flp-14/afp-4-related transcripts, 16 expressing flp-6/afp-3-related transcripts, 16 expressing flp-13/afp-13-related transcripts, 15 expressing flp-18/ afp-1-related transcripts, and 7 expressing flp-24/afp-12related transcripts (30) . Although the peptides encoded by these transcripts are probably present in all these nematodes, there is only fragmentary supportive evidence from direct studies of the peptides themselves (54) . The study of peptide cellular localization in other nematodes is fairly limited. ISH has been performed in the nematode Globodera pallida to localize the G. pallida transcripts of AF2, AF8, and the afp-1-related peptides (55) . The reported localization did not match the expression we report in A. suum, although cellular identification is difficult in G. pallida. These peptide expression differences give further weight to the idea that, despite great morphological similarities between species, one factor that determines species-specific behavior is the different patterns of cellular expression of identical or closely related neuropeptides.
Conclusions
We have reported here a significant technological improvement for peptide localization and discovery of neuropeptides in nematodes. Direct MALDI-TOF MS of single dissected identified neurons of the DG confirmed known expression and identified six novel peptides. Comparison with reported C. elegans expression found no similarities. Overall, this is an important first step toward the use of this method to describe the peptide expression in the entire A. suum nervous system.
Methods Animals
A. suum were harvested from the small intestines of pigs at a regional slaughterhouse. The worms were maintained for up to 3 days at 37°C in phosphate-buffered saline (PBS; 8.5 mM sodium phosphate, 150 mM sodium chloride, pH 7.4).
Sample Preparation for Mass Spectrometry
Adult female A. suum were injected with 2 mg/mL collagenase (Sigma, St. Louis, MO) in Ascaris saline (4 mM sodium chloride, 125 mM sodium acetate, 24.5 mM potassium chloride, 5.9 mM calcium chloride, 4.9 mM magnesium chloride, and 5 mM 3-(N-morpholino)propanesulfonic acid (MOPS) buffer, pH 6.8). After 1.5 h at 37°C, the head was removed and rinsed with water to remove dissociated muscle cells. The head region was then cut longitudinally between the lateral line and the dorsal cord and pinned flat on a Sylgard-lined Petri dish filled with 170 mM ammonium acetate (56) . Electrolytically sharpened tungsten needles were used to manually dissociate the desired cell from the hypodermis and the other neuron in the dorsal ganglion.
In some experiments, cells were stained with methylene blue to aid cell identification: prior to dissection, the preparation was exposed to 16 mM methylene blue in EtOH. After 1-2 min, the methylene blue dye was removed by rinsing 2-3 times with 170 mM ammonium acetate. Dissection then proceeded as described above.
Cells were transferred with tungsten needles to a Bruker MTP ground stainless steel target plate. Single cells were rinsed on-target with 0.5 μL of isopropanol (57) and allowed to dry. The matrix solution was prepared by vortexing solid Rcyano-4-hydroxycinnamic acid (CHCA; Sigma, St. Louis, MO) with 5% acetic acid for a minute. After removal of the acetic acid, 50 μL of water and 50 μL of acetonitrile were added to the solid, and the mixture was vortexed for 90 s yielding a saturated solution of CHCA with few Na þ ions present. Using a Nanoliter Cool Wave Syringe II (58) , matrix was applied robotically to the sample 3 times in 60-100 nL amounts and allowed to dry after each application. 
MS Acquisition

Acetylation of Cells
Prior to application of CHCA, 0.5 μL of 3:1 methanol/ acetic anhydride was applied to each cell and allowed to dry. After the solution evaporated, the cell was covered with matrix as described above.
Oxidation of Cells
In cells exposed to methylene blue, methionine residues were oxidized to the sulfoxide with a gain of 16 Da (See Sample Preparation for Mass Spectrometry).
Assignment of Peaks and Interpretation of Mass Spectra
All spectra were analyzed using Bruker Daltonics flex-Analysis 3.0 software. For all MS spectra, masses were assigned automatically by the software. All MS/MS data underwent background subtraction and smoothing prior to automatic assignment of masses. Occasionally, additional peaks were assigned a mass manually. Peaks were considered to be above noise when the intensity of the peak was at least twice that of the baseline.
A peak was initially identified as a known peptide if the observed m/z value was within (0.2 Da of a previously sequenced A. suum peptide (6, 7, 22, 23, (32) (33) (34) . Molecular masses were calculated by Prospector MS-Product (http:// prospector.ucsf.edu). Assignments were confirmed by r XXXX American Chemical Society L DOI: 10.1021/cn1000217 |ACS Chem. Neurosci. (XXXX), XXX, 000-000 pubs.acs.org/acschemicalneuroscience Article MS/MS and chemical modifications (acetylation and oxidation). To identify novel peptides, de novo sequencing was performed by hand. Further verification was obtained by chemical modification of the cell, by comparing the MS/MS spectra of synthetic peptides to cellular spectra, or by tBLASTn searches and cloning of gene sequences.
Database Searches
All putative peptide sequence assignments were searched against a catalog of 447 546 A. suum GSSs (Mitreva, M., personal communication). Since the peptide sequences are short a local tBLASTn search was used with a word size of 2, an E value of 20 000, and a PAM30 matrix. Search results were translated using the ExPASy Translate tool (http://au.expasy. org/tools/dna.html) and visually examined for possible peptide cleavage sites, as well as a C-terminal glycine for amidated peptides. Possible splice sites were predicted by GenScan (http://genes.mit.edu/GENSCAN.html (59)) or were detected directly by PCR cloning of the mRNA sequence and comparison with genomic sequences. Signal peptides were predicted by SignalP (http://www.cbs.dtu.dk/services/SignalP/ (60)).
Peptide Synthesis
Synthetic peptides were synthesized by the University of Wisconsin-Madison Biotechnology Center.
RNA Isolation
A. suum total RNA was extracted from 20-30 flash-frozen A. suum heads using silica spin columns (ClonTech, Palo Alto, CA, RNA II Nucleospin Kit).
cDNA Preparation for Polymerase Chain Reaction (PCR) First-strand cDNA was generated from the isolated RNA by using the following reaction in a 10 μL volume: 100 ng of total RNA, 0.5 μL of dNTPs (10 mM each of dATP, dCTP, dGTP, and dTTP), 0.5 μL of oligo(dT) [12] [13] [14] [15] [16] [17] [18] (0.5 M), 1 μL of 10Â RT buffer (200 mM Tris-HCl, pH 8.4, 500 mM KCl; Invitrogen, La Jolla, CA), 2 μL of 25 mM MgCl 2 , 1 μL of 100 mM dithiothreitol (DTT), 0.5 μL of RNase inhibitor (40 U/μL), and 1 μL of Superscript II reverse transcriptase (50 U/μL; Invitrogen). After incubation for 50 min at 42°C, the reaction was terminated by incubation at 70°C for 15 min.
Polymerase Chain Reaction (PCR)
PCR reactions were carried out with the splice leader sequence (SL1) forward primer (5 0 -GGTTTAATTACC-CAAGTTTGAG-3 0 ) and the reverse primers afp-12rev (5 0 -CGTATCATCATATCGGCGGC-3 0 ) or afp-13rev (5 0 -TCG-ACCAAACGAAGTACGG-3 0 ). In a 50 μL volume, the following were mixed: 2 μL of A. suum cDNA or 2 μL of cDNA reaction solution with no reverse transcriptase as a control, 5 μL of 10Â PCR Gold buffer (Applied Biosystems, Foster City, CA), 2-8 μL of 25 mM MgCl 2 , 1 μL each of 10 mM dNTPs, 1 μL of each primer (20 μM), and 0.25 μL of AmpliTaq Gold (Applied Biosystems; 5 U/μL). The PCR conditions were as follows: 95°C for 3 min, followed by 40 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 1 min. The PCR products were purified (Qiaquick Gel Purification, Qiagen, Chatsworth, CA) and cloned into Escherichia coli cells (TOPO TA Cloning, Invitrogen). Automated sequencing of the purified plasmid DNA by capillary electrophoreses was carried out by the DNA Sequencing service at the University of Wisconsin-Madison Biotechnology Center.
3 0 RACE 3 0 RACE was performed with a SMARTer RACE cDNA amplification kit (Clontech, Mountain View, CA) according to the manufacturer's instructions with either the primer afp-12gsp (5 0 -CGCATCCTATCGAAGCGAGTACCAAGC-3 0 ) or afp-13gsp (5 0 -CGAACGAAGGGACTCAAAGCTTATG-GATCC-3 0 ). The products were purified, cloned, and sequenced as described above.
Antibody Generation and Affinity Purification
Synthetic AF36 was conjugated with glutaraldehyde to keyhole limpet hemocyanin (KLH; Pierce, Rockford, IL) and then used to raise rabbit polyclonal antibodies (Panigen, Blanchardville, WI). Anti-AF19 antibodies were raised in the same manner (61) . Polyclonal antibodies from rabbit serum were affinity-purified using Affigel-10 (Bio-Rad, Hercules, CA) according to the manufacturer's instructions. Retained antibodies were eluted with Actisep (Sterogene, Carlsbad, CA). The antibody solution was dialyzed against PBS then concentrated using a molecular weight cutoff filter (Centricon Ultracel 30K filters, Millipore, Bedford, MA). The specificity of the antibody against each of the peptides was tested on a dot-ELISA spotted with peptides AF1-36, PepNY, PepTT, and PepTL as described previously (62) .
Whole Mount Immunocytochemistry
Whole mounts were prepared by fixing collagenase-treated female A. suum heads overnight at 4°C in 1% paraformaldehyde and 0.5% glutaraldehyde in PBS. After washing with PBS, the preparations were treated with 1% ethanolamine-HCl, pH 9, incubated at room temperature for 30 min, rinsed with PBS, and then washed extensively with P1 (0.05% NP-40 and 0.1% BSA in PBS (44)). For blocking experiments, prior to treatment of the tissue, the antibodies were incubated with 40 μg/mL AF36 or AF19 overnight at 4°C with gentle rocking. The antibody to AF36 was diluted 1:5000. The antibody to AF19 was diluted 1:500. Both antibodies were diluted with P1þ (P1 with 10% calf serum and 1% Triton X-100) and applied for 16 h at 4°C with gentle rocking. The heads were washed several times with P1 then incubated with the horseradish peroxidase (HRP)-labeled secondary antibody (goat antirabbit IgG) at 1:500 in P1þ. Following overnight incubation at 4°C, the heads were washed as before. Peroxidase activity was revealed by incubation with 0.03% 3,3 0 -diaminobenzidine 4-HCl (Sigma) and 0.006% H 2 O 2 in PBS. The heads were dehydrated in a graded ethanol series, cleared in xylene, and mounted on glass slides in Permount (Fisher Scientific).
